The aim of the present study was to evaluate responses of potential indicator bacteria (i.e. Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis) to the ultraviolet (UV) radiation and the UV/hydrogen peroxide (H 2 O 2 ) disinfection processes of surface waters with different qualities in terms of humic content. The UV and the UV/H 2 O 2 processes were applied to waters containing various concentrations
INTRODUCTION
Removing and inactivating microbial pathogens in drinking water is essential to protect the public from outbreaks of waterborne diseases. Chemical disinfectants such as chloramines, chlorine dioxide and especially chlorine are commonly used for drinking water disinfection because of their low cost, ease of handling, and their ability to provide disinfectant residual. However, the formation of carcinogenic or mutagenic chloro-organic by-products during chemical disinfection is more of a problem when surface waters containing natural organic matter are used as the drinking water source (Cairns ) . In pursuit of alternatives to chemical disinfection in drinking water treatment, there has been increasing interest in the use of UV light because of its excellent biocidal properties without the formation of toxic disinfection by-products (DBPs) (Zimmer & Slawson ; Quek & Hu ) . UV radiation has several advantages with the added benefit of being costcomparable and environmentally friendly (Savoye et al. ; Madrid ). The extremely short contact times (ranging from seconds to a few minutes) and no by-product formation have also contributed to its rising popularity as an alternative disinfection process (USEPA ).
The germicidal effects of UV irradiation are due to the DNA absorption of the UV light, causing crosslinkage between neighbouring pyrimidine nucleoside bases (thymine and cytosine) in the same DNA strand (Wang et al. ) .
These crosslinkages cause distortion of the DNA molecule, resulting in malfunctions in the replication of the cell, potentially leading to cell death in unicellular organisms (Zion et al. ) . The efficiency and reliability of UV disinfection is greatly dependent on water quality parameters such as UV transmittance and organic matter content (Koivunen & Hei- nonen-Tanski ; Alkan et al. a) . Humic substances such as humic and fulvic acids are known to absorb UV light, and the UV transmittance decreases with increasing concentrations of humic compounds in natural waters (Corin et Humic substances are normally considered to be recalcitrant towards microbial degradation. They generally constitute the major fraction of dissolved organic matter in surface water and may account for up to 90% of the total dissolved organic carbon (DOC) content (Corin et Hydroxyl radicals are considered as the most reactive oxidizing agents in water treatment and this highly reactive species in waters react with a range of organic compounds and the surface molecules of microorganisms (Gu ) .
The cell wall is the primary site of hydroxyl radical attack. coli and P. aeruginosa were transferred onto slanted nutrient agar (Oxoid) for maintenance. Bacillus subtilis spores were maintained on R2A agar plates. Isolates were stored at 4 W C and subcultures to fresh media were made monthly.
Preparation of fulvic acid solution
Fulvic acid was extracted from soil samples that were collected from the catchment area of Dogȃncı Dam in Bursa City. Soil samples were air-dried in laboratory conditions.
After sieving, the soil samples were ground and 50 g was trans- 
Enumeration of microorganisms
Escherichia coli was enumerated by membrane filtration method using mFC agar as described in Standard Methods 9222 D (Standard Methods (APHA/AWWA/WEF )).
Plates were incubated at 44.5 W C ± 0.2 for 24 h, after which time blue colonies were counted. Then some of the typical colonies were inoculated into tubes of EC broth (Oxoid) and incubated for 24 h at 44.5 W C ± 0.2. Gas production and turbidity in tubes confirmed E. coli occurrence (Stan- 
Experimental procedure
UV radiation experiments were carried out in a glass cylinder reactor that had an inner diameter of 10 cm and a height of 40 cm. The temperature of the reactor was controlled at 20 W C by thermal cycler (Thermo, England). UV irradiation was performed by using a low pressure mercury vapour lamp (Lightech), producing predominantly 254 nm wavelength UV radiation. The lamp was installed in a quartz sleeve and placed at the centre of the reactor. The light intensity of the lamp was 40 μW cm À2 . A schematic diagram of the UV reactor radiation experimental set-up is shown in Figure 1 . Before each exposure, the UV 254 lamp was turned on for at least 10 min to ensure a uniform lamp output and to sterilize the glass cylinder. Two litres of bottled water was placed into a sterile container. After the addition of specific amounts of fulvic acid to the 2 L bottled water, pH was set to 7.5. Then bacteria were inoculated in the required numbers (i.e. approximately 10 6 CFU100 ml
À1
) and mixed thoroughly with a magnetic bar.
This bottled water containing specific amounts of fulvic acid (0, 2, 6 mg l À1 ) and bacteria was added to the UV reac- 
RESULTS
Log reductions of E. coli, P. aeruginosa and B. subtilis The time required for 3 log E. coli reduction decreased from 55 to 33 s when H 2 O 2 concentration was elevated to 50 mg l À1 whereas time required for P. aeruginosa was reduced from 84 to 32 s. The use of 50 mg l À1 H 2 O 2 appeared to reduce required time by 40 and 62% for E.
coli and P. aeruginosa, respectively. On the other hand, the same dose of H 2 O 2 induced no significant effect on the disinfection efficiency of B. subtilis spores (Figure 3 ). Figure 4 shows the log reductions of test organisms in water samples with 6 mg l À1 FA. As can be seen from the figure, the required contact times of E. coli and P. aeruginosa increased significantly compared with the non-humic water.
However, addition of 50 mg l À1 H 2 O 2 during UV radiation in this highly humic water (i.e. 6 mg l À1 FA) again appeared to reduce required contact times from 88 s to 54 s for E. coli
and from 92 to 60 s for P. aeruginosa. with increasing FA concentrations (0 to 6 mg l À1 ). The corresponding increases in contact times for P. aeruginosa and B. subtilis spores were 6-26% and 3-25%, respectively. Increasing concentrations of H 2 O 2 increased the inactivation efficiency of E. coli and P. aeruginosa in non-humic water by 6-24% and by 4-28%, respectively, whereas, the increasing H 2 O 2 concentrations appeared to reduce Based on the k values presented in Figure 5 , it can be stated that, in general, the use of H 2 O 2 increased the disinfection efficiency of E. coli and P. aeruginosa in both moderately and highly humic waters. The inactivation coefficient increased from 3.00 to 4.00 for E. coli and from 1.90 to 3.58 for P. aeruginosa in moderately humic waters (i.e. Accordingly, the required contact times for 3 log reduction increased significantly in highly humic waters. It is known The results of the present study revealed that the test organisms were affected by the increase of FA to different extents. Calculated k values showed that fulvic acid was more effective in protecting E. coli from the UV and the UV/H 2 O 2 processes compared with P. aeruginosa and B. subtilis spores. Although the inactivation rate of E. coli was higher in general than that of the other two microorganisms, the k value of E. coli was the most reduced by the increase in FA concentration. For the same FA concentration, differences between the k values of E. coli and 
CONCLUSIONS
An overall evaluation of the present study showed that the k values of E. coli, P. aeruginosa and B. subtilis spores varied between 2.22 and 4.00, 1.73 and 3.58, and 1.40 and 1.86, respectively, in all test conditions. The sensitivity of test organisms to the UV/H 2 O 2 process in humic waters followed a decreasing order of E. coli > P. aeruginosa > B. subtilis. Findings of the present study strongly suggest that the UV/H 2 O 2 process was significantly effective on the inactivation of E. coli and P. aeruginosa in humic waters, whereas it induced little or no apparent contribution to the disinfection efficiency of B. subtilis spores. Results also showed that P. aeruginosa was primarily affected by the increments of H 2 O 2 concentration while the other two organisms were affected by the increments of the UV light.
In addition, it is worth noting that the humic character of the water was found to be the major factor affecting the treatment efficiency of the UV/H 2 O 2 process as well as the UV process.
